Abbreviations used: ach, air changes per hour; CO, carbon monoxide; ETS, environmental tobacco smoke; NHAPS, National Human Activity Pattern Survey; ppm, parts per million; RSP, respirable suspended particles; U.S. EPA, U.S. Environmental Protection Agency; pg/m3, micrograms of air pollutant per cubic meter of air. though accurate exposure assessments are crucial in determining safe levels of environmental pollutants (risk assessment) and in determining environmental factors that contribute to disease (epidemiology).
The indirect approach is a modeling approach that simulates exposures using empirical distributions of exposure in specific microenvironments, output from microenvironmental models, and human activity pattern data. The main advantage of the indirect approach is that it can be used to rapidly and inexpensively calculate estimates of exposure over a wide range of exposure scenarios. Models can be used to determine the sensitivity of exposure levels to quantifiable parameters. For example, a computer program can be easily reconfigured to observe the impact of reducing air exchange rates in workplace buildings around the United States.
In contrast, the direct exposure assessment approach, as exemplified by such studies as the U.S. Environmental Protection Agency (U.S. EPA) TEAM and PTEAM studies (13) (14) (15) , NHEXAS (16) , and the more recent 16-city survey of ETS exposure (17) , involves the deployment of a large number of personal or microenvironmental exposure monitors. In the direct approach, different exposure scenarios must be investigated by collecting additional data. Although both the direct and indirect approaches give frequency distributions of exposure for a given population and its important subgroups (such as the strata of age, gender, race, geographic region, and work status), the indirect approach is typically much less expensive and time consuming. A main disadvantage of the indirect approach compared to the direct approach is that there currently is a research need for its systematic validation. That is, the results of a fully developed indirect exposure assessment must be compared to an independent set of directly measured exposure levels. The dataintensive nature of the indirect approach, including the need for detailed human activity patterns, has made validation difficult (2) , but the availability of new activity pattern and other exposure-related databases (16) (17) (18) (19) (20) is encouraging.
This article is intended as an introduction to the indirect exposure assessment approach for those in epidemiology and other health-related fields. It is not intended to be an actual exposure assessment and does not contain a validation of modeling methods. It provides an illustration of the indirect exposure assessment methodology through the use of real pollutant concentration and activity pattern data.
In the next section of this article, I introduce the concept of direct human exposure assessment by describing my week-long personal exposure profile for CO. Such a profile cannot be easily measured directly for a large number of people, but it can be approximated indirectly (i.e., through the indirect exposure assessment approach) by separate consideration of average microenvironmental pollutant concentrations and the time spent being exposed in each microenvironment.
Microenvironmental concentrations are determined from either measurements or a validated exposure model (e.g., an indoor air quality model). The time exposed is obtained from responses to questionnaires such as the 24-hr recall diary used in the U.S. EPA-sponsored National Human Activity Pattern Survey (NHAPS) study (19, (21) (22) (23) (24) (27, 28) . Large-scale exposure studies have deployed many samplers (usually integrated over 8 to 24 hr or longer) to characterize ETS exposure (13, 17 It is unnecessary, however, to collect all of this information at once from each subject when each exposure segment can be determined separately. Because the most common microenvironments such as homes, schools, offices, bars, and restaurants have similar physical characteristics regardless of their locale (e.g., ventilation systems, furnishings, types of sources), exposure levels in each microenvironment can be studied individually with the full complement of real-time apparatus, and these results can be generalized to other nearly identical microenvironments around the country using validated deterministic models (see discussion below). Microenvironmental exposure levels can also be adapted for new populations from representive surveys (i.e., direct exposure assessments) of a given area (13) (14) (15) (16) (17) 29 Figure 1 and Table 1 Table 2 contains the general categories of information collected in the NHAPS 24-hr recall diaries and follow-up questions. Approximately half the respondents were given one questionnaire (questionnaire A) and half were given another (questionnaire B) that collected similar general information but focused on different kinds of exposure. The overall NHAPS response rate was about 63%, although it was lower during the first quarter because of difficulties in data collection.
The NHAPS 24-hr recall diary data have no missing values, probably because the respondents were guided by the interviewers to classify every minute of the day into a particular location and activity. In contrast to the 24-hr diaries, the follow-up questions have a substantial amount of missing data, due partly to the dependence of certain questions on a "yes" response to another question. However, much of the missing data seem to have arisen from refusal or inability to answer questions. In addition, follow-up questions were sometimes coded in a mixed-type format containing arbitrary divisions and groupings, making analysis difficult. Thus, the 24-hr diaries appear to be a better source of complete and accurate information on exposure events occurring among the U.S. population even though many follow-up questions are focused on important areas of exposure.
The main drawback of the 24-hr recall diary results is that we are forced to Figure 3 ) and for those people exposed to ETS at least once on the diary day ( Figure 4 ). The statistics have been corrected with demographic, geographic, and temporal weights (23 
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In Table 3 , I summarize the variables in the NHAPS database relevant to occupational as well as nonoccupational ETS exposure. Of the 9,386 total NHAPS respondents, 4,005 report having been exposed to ETS during the day. When we consider only those respondents exposed to ETS for at least 1 min on the diary day (45% of the total weighted sample size), we see that Americans are exposed for the largest amount of time in the home (48%), followed by offices or factories (10%), and bars/restaurants (9%) (23) (Figure 4) . The longest exposures to ETS (mean 24-hr duration) occur in offices or factories (360 min) and the home (300 min). The largest percentages of people are exposed at home (60%), in a vehicle (30%), and in a bar or restaurant (23%). Of the 4,005 people exposed to ETS, 1,619 were exposed while working their main job (36) . The 24-hour average duration of exposure, d, and sample size, n, are given in Noon-PST Figure 5 . Plot of the author's personal CO exposure profile on 16 December 1997 as he traveled through microenvironments in a home with gas heat and smokers, in a home heated with oil, in a vehicle driving on the freeway, in an airport, in a smoky airport cafe/lounge, and on an airplane. This plot is a detail from Figure 1 . Estimates of exposure using the equation are most accurate when fairly specific microenvironments are used. As a rule, the better we know exact microenvironmental exposure levels, the more accurate will be our assessment of exposure using the indirect approach. Averaging time periods of 12 to 24 hr are probably too long, as most people probably change their activities from hour to hour and high exposure levels for short time periods (e.g., 2-4 hr) are not pinpointed. Exceptions 
Conclusions and Future Work
In this paper, I have illustrated the indirect approach to exposure assessment by showing how the average 24-hr exposure concentration determined from an actual minute-by-minute exposure profile can be approximated by summing the product of two separate components: average microenvironmental concentrations obtained from models or measurements, and the time spent in each microenvironment. Once these components are representatively determined for a population, a realistic frequency distribution of exposures can be calculated for the status quo and almost any hypothetical exposure control scenario. It is possible to examine fractions of a 24-hr period and individual locations and pollutant sources. The existence of representative surveys of exposure to ETS components in many microenvironments, validated ETS models for microenvironments such as the car, the tavern, and the smoking lounge, and a nationally representative survey of human activity patterns should compel exposure assessors to make use of this powerful and inexpensive approach.
